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We present a numerically complete study of the combined dynamics of a quantum dot exciton coupled to a
single quantized cavity mode and a continuum of acoustic phonons. We demonstrate that acoustic phonons have
a pronounced impact on effects characteristic of the strong light-matter coupling regime, such as vacuum Rabi
oscillations and collapse and revival scenarios. This impact is considerable already at zero temperature, where
initially no phonons are present. Counterintuitively it is found that an increase of the light-matter coupling does
not necessarily enhance the visibility of strong-coupling effects. In fact, for typical experimental situations, a
stronger light-matter coupling will considerably reduce the visibility.
DOI: 10.1103/PhysRevB.86.035319 PACS number(s): 78.67.Hc, 42.50.Md, 42.50.Pq, 78.20.hb
I. INTRODUCTION
Reaching the regime of strong light-matter interaction has
revealed a rich phenomenology of fascinating physics. A
key experiment to provide evidence for the strong-coupling
regime is the observation of vacuum Rabi oscillations (ROs),
which have been demonstrated in atomic1 as well as in
solid-state physics.2–4 More recently, even a transient switch-
ing of vacuum ROs has been shown.5 Further intriguing
examples for strong-coupling effects are the collapse and
revival phenomenon which was first observed in experiments
on one-atommaser systems,6 the effect of photon antibunching
in high finesse microcavities,7 and the on-demand generation
of entangled photons in a cascaded biexciton-exciton decay
in a quantum dot (QD) cavity system.8 The latter two are of
crucial importance for applications in quantum cryptography9
and quantum computation10 as well as for quantum optical
tests of fundamental aspects of quantum mechanics.11
In QD based systems the interaction of carriers with
phonons is of utmost importance and represents currently a
highly active focus of research. Already for laser-driven QDs
without a cavity the phonon coupling leads to various remark-
able dynamical features such as a nonmonotonic temperature
dependence of the initial decay,12 an undamping of ROs at
high pulse areas,13,14 and a crossover between two qualitatively
different relaxation scenarios in an exciton-biexciton system.15
Recent studies concerning the impact of acoustic phonons
on QD cavity dynamics have revealed a surprisingly strong
QD cavity coupling when the cavity is detuned from the QD
resonance16,17 and a pronounced spectral broadening of the
Mollow sidebands through off-resonant cavity emission.18,19
Furthermore, it has been predicted that the coupling of
longitudinal optical phonons to aQDcavity systemmay induce
a change from classical to nonclassical photon statistics.20
In this paper we analyze the combined dynamics of a single
cavity mode coupled to a QD interacting with a continuum of
longitudinal acoustic (LA) phonons. The light-matter coupling
is taken to be in the strong-coupling regime. A special focus is
put on studying collapse and revival phenomena well known
from the Jaynes Cummings (JC) model.21,22 We demonstrate
that even at zero temperature LA phonons significantly modify
the collapse and revival scenarios. At higher temperatures, the
revivals are eventually fully suppressed. In contrast to common
intuition we find that for parameters commonly accessible
in experiments a stronger light-matter coupling, although it
pushes the system further into the strong-coupling regime,
reduces the visibility of typical strong-coupling effects. This
remarkable finding can be traced back to the resonance
character of the carrier-phonon interaction.
II. MODEL
Recently, we have presented a real-time path-integral
approach that allows for a numerically complete treatment
of a LA phonon coupled QD driven by a classical light field.23
For the present studies we extended our implementation to the
case where the classical field is replaced by a single quantized
cavity mode. This gives us the unique opportunity to perform
calculations of the phonon-coupled QD cavity system without
further approximations, which seems not to have been realized
before. Considering the QD as an electronic two-level system,
our model Hamiltonian reads
H = h¯ωX|X〉〈X| + h¯ωCa†a + h¯g(a†σ− + aσ+)
+
∑
q
h¯ωq b
†
qbq +
∑
q
h¯(gqbq + g∗qb†q)|X〉〈X|. (1)
We take the energy of the electronic ground state |G〉 to be zero,
denote the energy gap between |G〉 and the excited single-
exciton state |X〉 by h¯ωX, and define σ+ = |X〉〈G|, σ− =
|G〉〈X|. a† (a) is the cavitymode creation (annihilation) opera-
tor, ωC is the mode frequency, and g is the QD cavity coupling
strength. Here, we concentrate on a resonant QD cavity system
assuming that ωC is in resonance with the polaron-shifted
exciton transition. The operator b†q (bq) creates (destroys) a
LA bulk phonon with wave vector q and energy h¯ωq = h¯csq,
with cs being the longitudinal sound velocity. gq = geq − ghq
denotes the exciton-phonon coupling constants, where ge(h)q are
the deformation potential couplings of electrons (holes) in the
dot. These model assumptions are realistic, e.g., for GaAs-type
QDs.12 Material parameters are taken from Ref. 24.
035319-11098-0121/2012/86(3)/035319(5) ©2012 American Physical Society
M. GL ¨ASSL et al. PHYSICAL REVIEW B 86, 035319 (2012)
0.0
0.2
0.4
0.6
0.8
1.0
0 5 10 15 20 25 30
gr
ou
nd
st
at
e
oc
cu
pa
ti
on
g t
( ) thermal state, n = 5 ( ) coherent state, n = 5 ( ) coherent state, n = 10
0 5 10 15 20 25 30
g t
0 10 20 30 40 50
g t
0.0
0.2
0 30
P
n
n
0.0
0.2
0 30
P
n
n
0.0
0.2
0 30
P
n
n
a b c
JC-model
T = 0 K
T = 50 K
JC-model
T = 0 K
T = 50 K
JC-model
T = 0 K
T = 50 K
FIG. 1. (Color online) Ground-state occupation ρ00 as a function of time for a QD cavity coupling of g = 0.1 ps−1 (h¯g = 65μeV) at
temperatures of T = 0 and 50K assuming that at t = 0 the cavity mode was prepared in (a) a thermal state with a mean photon number of
〈n〉 = 5, (b) a coherent state with 〈n〉 = 5, or (c) a coherent state with 〈n〉 = 10. Results without phonon interaction (JC model) are shown as
thin gray lines. Insets: initial probabilities Pn of the photon number states |n〉 for the chosen cavity preparations.
III. RESULTS
In the following we shall first demonstrate that the coupling
to a continuum of acoustic phonons has a significant impact on
the electronic dynamics. Shown in Fig. 1 is the time evolution
of the ground-state occupation ρ00 for a QD cavity coupling
of g = 0.1 ps−1 (h¯g = 65μeV), which is a typical value in
experiments.2,4 We assume that at t = 0 the QD is unexcited,
the phonons are in a thermal equilibrium at temperature T ,
and the cavity mode is prepared in a thermal31 [Fig. 1(a)]
or coherent [Figs. 1(b) and 1(c)] state with a mean photon
number of 〈n〉 = 5 [Figs. 1(a) and 1(b)] or 10 [Fig. 1(c)],
respectively. The corresponding initial probabilities Pn for
the photon number states |n〉 are displayed as insets. To
provide a reference for the discussion of the phonon influence,
we first neglect the exciton-phonon coupling reducing our
Hamiltonian to the JC model.21 Corresponding results are
shown as thin gray lines. For a photon field initially prepared in
a coherent state [Figs. 1(b) and 1(c)], we recover the collapse
and revival phenomenon. As discussed in the literature, the
number of well-resolved revivals strongly depends on the
mean photon number.22,25 While for 〈n〉 = 5 the second
collapse is hardly seen [Fig. 1(b)], further collapse and revival
sequences become visible for higher mean photon numbers as
exemplarily shown in Fig. 1(c) for 〈n〉 = 10. Typical cavity
experiments are currently working in the low photon number
regime.2 Therefore, we shall mainly concentrate on 〈n〉 = 5 in
the following.
Next, we include the exciton-phonon interaction. Interest-
ingly, already at zero temperature (blue solid lines), where
initially no phonons are present, the coupling to acoustic
phonons considerably affects the dynamics. For both initial
cavity preparations we clearly observe a phonon-induced
frequency renormalization and a damping compared to the
phonon-free case, similar as previously reported in connec-
tion with laser-driven QDs without cavity coupling.13,14,26–28
Already at T = 50 K (red dotted lines) the dynamics is
completely changed compared to the JC model; e.g., for a
cavity mode initially prepared in a coherent state with 〈n〉 = 5
[Fig. 1(b)] at 50 K the dynamics is basically disrupted after
the first oscillations and no revival can be seen. For zero
temperature, the first revival is clearly visible, but as in the
phonon-free case a second well-resolved collapse and revival
sequence is absent. The phonon effect on later revivals that
become visible for higher mean photon numbers as shown in
Fig. 1(c) is similar to that shown in Fig. 1(b) for the first revival,
with the tendency that the later further revivals occur the
more strongly they are damped. As the damping significantly
depends on temperature, the number of well-resolved revivals
increases with lower temperature.
Comparing thermal and coherent photon statistics the
phonon impact is found to be similar, except for one difference:
when the cavity mode is initially in a coherent state [Fig. 1(b)],
then at high T and at long times ρ00 is close to 0.5, which is the
stationary value for a QD coupled to a classical field,24 while
it is close to 0.6 when the initial preparation is a thermal state
[Fig. 1(a)]. The reason for this finding, that for different initial
states the system does not relax to the same stationary state, is
the quantum nature of the light field: for a cavity prepared in
a Fock state |n〉, ρ00 performs for all n  1 phonon-damped
ROs until a stationary value of 0.5 is reached. Only for n=0
there is no dynamics, as starting in the electronic ground state
the system is without excitation and ρ00(t) = 1 for all times.
For a coherent photon state with 〈n〉=5, the contribution of
the Fock state |0〉 is marginal [cf. inset of Fig. 1(b)], but for
a thermal state |0〉 is the most probable Fock state [cf. inset
of Fig. 1(a)], it considerably contributes and shifts the final
occupation to a value of P0 + 12 (1 − P0).
Most remarkable is the dependence of the dynamics on
the QD cavity coupling g as shown in Fig. 2 for a cavity
prepared in a coherent state with 〈n〉 = 5 at T = 10 K.
For g = 0.1 ps−1 (red solid line), we clearly see a revival.
Interestingly, pushing the system further into the strong-
coupling regime by increasing g from 0.1 to 0.5 ps−1 (blue
dashed line) significantly reduces the visibility of the revival.
This finding is in sharp contrast to the common expectation,
that a stronger light-matter coupling enhances coherent effects
like the collapse and revival phenomenon known to appear
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FIG. 2. (Color online) Ground-state occupation ρ00 as a function
of time for different QD cavity couplings (see key) at T = 10K
assuming that at t = 0 the cavity mode was prepared in a coherent
state with a mean photon number of 〈n〉 = 5. Dynamics without
phonon interaction (JC model) are shown as thin gray lines.
only in the strong-coupling regime.22 Instead, increasing g to
not too high QD cavity couplings leads to a more and more
suppressed revival. Clearly visible revivals return only at very
strong couplings (e.g., g=0.8 ps−1, black dotted line) that are
hard to access in experiments.
To understand the dependence of the damping on the QD
cavity coupling g as shown in Fig. 2, it is instructive to analyze
first the case of a QD coupled to a cavity mode prepared in
a single Fock state |n〉. In this case ρ00 performs damped
ROs with a frequency ω that is renormalized compared to the
phonon-free Rabi frequency f =2g√n as shown exemplarily
in the inset of Fig. 3(b) for n = 1, g = 0.5 ps−1, and T =
10 K. It turns out that the time evolution of ρ00 can be
well fitted by the expression [1 + cos(ωt) exp(−γdt)]/2 and
that both the damping rate γd as well as the renormalized
frequency ω depend on the QD cavity coupling g and the
photon number n solely via the effective coupling strength
g
√
n. This allows us to extract γd and ω as functions of
the phonon-free Rabi frequency f by fits to the numerical
data. Figure 3 shows corresponding results at T = 10 K.
The damping rate [Fig. 3(a)] depends nonmonotonically on
f : for small f the damping increases, while for large f
it decreases, eventually approaching zero. This behavior is
known from a QD coupled to a classical laser field and can be
understood by a resonance argument:13,14,29,30 the damping is
most pronounced when the Rabi frequency is close to the
frequency of the most strongly coupled phonons. Besides
the damping, also the frequency renormalization [Fig. 3(b)]
is nonmonotonic. For weak light-matter couplings we find
that ω/f < 1 and that ω/f increases with rising g, while the
situation is reversed in the limit of very strong couplings,where
the renormalized Rabi frequency approaches its phonon-free
value.
It is an important point to note, that the rather involved
dynamics in Fig. 2 can be reconstructed using only the curves
plotted in Fig. 3: for an arbitrary initial cavity preparation,
the Hamiltonian given in Eq. (1) can be decomposed into
uncoupled subspaces with different total numbers of excitonic
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FIG. 3. (Color online) (a) Damping rate γd and (b) frequency
renormalization ω/f of Rabi oscillations for a QD coupled to a cavity
mode prepared in a Fock state |n〉 as functions of the phonon-free
Rabi frequency f = 2g√n at T = 10K. Vertical lines indicate the
decomposition of a coherent photon state with 〈n〉 = 5 into Fock
states |n〉 with n = 1, . . . ,14 for g = 0.1 (red solid lines) and 0.5 ps−1
(blue dashed lines). Inset of (b): ρ00(t) for n = 1, g = 0.5 ps−1, and
T = 10 K.
and photonic excitations. Within each subspace (for n = 0) the
phonon-coupled exciton-photon systemperforms dampedROs
between the states |G,n〉 and |X,n − 1〉, where the damping
and the frequency can be taken from Fig. 3. ρ00 is obtained
by summing over all contributing subspaces, whereby the
weighting factorPn of each term is given by the decomposition
of the initial photon state into Fock states.32 The corresponding
values of γd and ω that are needed to reconstruct the result for
g = 0.1 ps−1 plotted in Fig. 2 are marked by solid lines and
points in Fig. 3. When g is increased to g = 0.5 ps−1, the
vertical lines shift to higher values (displayed as dashed lines).
Note that in this case the involved damping rates are much
larger and that the most probable Fock states correspond to
damping rates close to the maximal one. This leads to a drastic
deterioration of the visibility of the revival. For g = 0.8 ps−1
the vertical lines in Fig. 3 are shifted to even higher values
(not shown), the most probable states correspond to weaker
dampings, and thus the revival is better seen compared to
g = 0.5 ps−1.
The dependencies shown in Fig. 3 are also reflected in
interesting spectral features. Plotted in Fig. 4(a) is the absolute
value of the real part of the spectral representation of the
polarization, ρ01(ω), for a QD coupled to a cavity prepared
in a Fock state for different values of the phonon-free Rabi
frequency f = 2g√n at T = 10 (dotted lines) and 50 K (solid
lines). Each spectrumconsists of a central line and twophonon-
broadened side-peaks separated from the central line by the
phonon renormalized Rabi frequency. At higher T , the side-
peaks become not only wider and lower but are also noticeably
shifted, reflecting that the frequency renormalization shown
in Fig. 2(b) strongly depends on T . For small or moderate
values of the light-matter coupling g an increase of g (and
thereby of f ) at a fixed temperature considerably broadens the
side-peaks and lowers their maximal height. Figure 4(b) shows
the full width at half maximum (FWHM) of the side-peaks as
035319-3
M. GL ¨ASSL et al. PHYSICAL REVIEW B 86, 035319 (2012)
0.0
0.5
1.0
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0
|R
e[
ρ
0
1
(ω
)]
|(
a.
u.
)
ω (ps−1)
( )
( )
0.0
0.5
1.0
0.0 1.0 2.0 3.0 4.0 5.0
F
W
H
M
(p
s−
1
)
f (ps−1)
a
b
T = 10K
T = 50K
FIG. 4. (Color online) (a) |Re[ρ01(ω)]| for a QD coupled to a
cavity mode prepared in a Fock state with f = 1.0 (black lines),
2.0 (red lines), 3.0 (blue lines), 4.0 (green lines), and 5.0 ps−1 (gray
lines) at T = 10 (dotted lines) and 50K (solid lines). (b) FWHM
of the side-peaks as a function of the phonon-free Rabi frequency
f = 2g√n at T = 10 and 50K together with quadratic fits (black
dotted lines) in the regime of small f .
a function of f . In the low-frequency limit, the FWHM rises
almost quadratically with f (dotted lines display quadratic
fits). This finding is in line with recent experimental and
theoretical works reporting on a quadratic dependence of the
FWHMof theMollow sidebands in fluorescence spectra on the
strength of the cw pump.18,19 However, at high f a quadratic
dependence does no longer persist, as the overall dependence
is nonmonotonic, reflecting again the resonance character of
the carrier-phonon coupling.13,29
IV. CONCLUSIONS
In summary, we have performed full real-time path-integral
simulations of the dynamics of a QD in a cavity coupled
to acoustic phonons starting from different cavity-photon
statistics. The interaction with phonons causes a strong
damping as well as a pronounced frequency renormalization
of Rabi oscillations even at zero temperature. At elevated
temperatures it completely suppresses the revivals that are
typical for the phonon-free Jaynes-Cummings model. In the
spectral regime Rabi oscillations manifest themselves as side-
peaks separated from the main transition by the renormalized
Rabi frequency. The phonon-induced broadening of these
side-peaks is found to depend nonmonotonically on the
strength of the light-matter coupling, which can be explained
by the resonant nature of the QD-phonon coupling. In the
regime of small Rabi frequencies, which is tested in typical
experiments, the broadening increases as g2, while for very
high Rabi frequencies it eventually decreases. The width of
the side-peaks is directly related to the visibility of Rabi
oscillations or Jaynes-Cummings revivals in the time domain.
Indeed, in clear contrast to widespread expectations, for
parameters commonly accessed in experiments the visibility
of strong-coupling effects is reduced when the light-matter
coupling is increased. We believe that our results have far
reaching implications on the development and design of future
applications of cavity-based devices, as for such applications
one aims to maximize typical strong-coupling effects which
according to our analysis cannot be achieved by simply trying
to maximize the light-matter coupling strength.
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